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I. lNTROO”tilON 

in the present pmer. we explore tile present limits lx! neutral heavy leptm 
which may undergo ma11 mixingr with the ordinary neutrinrl5. We find that these 
limit5 tend to be rattler strict only fOP maiies below about a GeY, implying 
mixing% that are quite ma,,. For masses above about 1 Ge”, the limits deterior- 
ate. We suggest aevera, types Of experiment for remdying thii Sit”ati.3”. 

The Study Of neutra, hemy 1eptoni began in earnest about 10 years ago. [41 
since the”, there has bee” d good deal Of effort dewted to the study Of their 

properties an* corresponding expelimnrdl searches.[5] Th”S. in some 

sense, we are reopening a” Old queztion. We do 50 because Of the large “umber 

Of experimenta, pOs*ibilitieS that haw appeared in recent years for extending 
the range of rearcher for such objects. High-statistics neutrino experimentr, 
prod”ction of b g”arb, and studies of w and I (and any heavier gauge tmson ) 
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decays a,: Cd" play a s,gniiicant roie I" SUCh ledTC"ES. me POISibiliTy c* 

nlu,tl-TeY hadron-haoron co1:illo"I in principle can even exzend these searches 

up to ieptan masse5 Of many iev, 35 we StL3li IhOW. I" Planoing multi-purpose 

detector5 for present and future colliding beam machinei, it is important 

not to miss pOSIible signatures at neutral heavy ,eptoni. 

our discursio" Will focus on neutral ieptons which mix with neutrinos eisen- 

tia11.v iostantdnea"ily aI a result Of the large mass difference between the 

species. ThUI our treatment is complementary to the study Of neutrino oscilla- 

LlO"S. We Shall be COnCerned primarily with direct IearcneS for hewy leptom 

that do not depend on their having Majorana masses. As has been pointed out in 

Ref. 6, a number Of interesting cOnSequence (such as ne"trino,erS double beta- 

decay and wrong-sign leptonr) are specific to the presence of Majorma masses 

in the theory. 

we slla,, present d number Of analyses which are mant primarily to indicate 

paSSibi,itieS for useful experiments. They IhO"ld not be taten a.5 SUbStitUteS 

for detailed Monte car,0 ca,cu,arionr based on SPKifiC apparatus. 

I" sectinn Ii we prsent a riinple model for mixing Of neurra, heavy ,eptans 

with ordinary neutrinos. ThiS mdel contains the essential featUrei Of several 

dercriptianr Of ne"tri"OS already in tile literature. [7-91 ihe mode, invoives 

both neutral- and charged-current couplimp of the neutral heavy leptons. A 

"drimt with Only charged-current coup,ingr is a190 discussed briefly. "Iliver- 

sa,ity Of electron and muon "e"trinOs constrains the mixings to be ma,,, EOrPeS. 

pending to less than 10% in amplitude. The mixings can be larger for the t.3~ 

mutrim. Lifetimes and branching ratios are estimated and genera, experimental 

signatures are noted. 

Stringent limits on mixing paramterr come from SeaTChei ior charmed particle 

93nileptonic or leptonic decays to heavy leptonr. Analyses in terms of b pro- 

duction can extend there limits upward in “us5 for certain ranges Of mixingr. 

The kinemtic limit for such decay5 defines the rndXirn”l” “IdSS for which such 

Searches are Se”5itiYe. We then go beyond prewznt experiments to S”ggeSt 

extensions Of tile range Of mixing and mass parameters for Which useful boundr 

on heaq neutral ieptons can be set. A” “ideal” beam Limp experiment for PrOd”Cti0” 

Of hadron containing b quark* is described. Other so”rces of b quarks le.9.. 

in e+e- an”ihi,ations, a110 can be “Sd”, in setting limits. We also describe 

how the decays Of w and z bO60”l can help to search ior heavy neutral 1wtons3 

&“d mention IOnw porribi,ities at m”,ti-TeY colliding hadron machines if WY 

gauge bDSO”i can be produced. 

our conciusions an* a diSC”sSio” Of 5me .,ternatiue s”ggestio”l for heavy 

,epton SeaKheS. are contained in section I”. 
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lkre yi is a Dirx mass. mile HNi ii a Hajorana mass. 

The mixing paramteri uia in Eq. (2.3) are tINIs 

mdSSeS p3.141 

m(v,] :60 e”; “(““1 5 0.5 Me”; 

rn(V7) 2 250 WY 

Ye would then predict 

/ue N /i d: 
e 

,““N iI 3xd; 
Y 

Iu,M 1 I lo-’ 
T 

and. correrpondingiy, 

MN > 4 Ge”, 
e 

MN 245&V: 
Y 

MN >25&“. 
T 

(2.11) 

(2.12) 

(2.13) 
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The limits (2.12, are compatible with ?leaii univemiity for the Obierved 

neutrinos. The limits 12.13) suggest that heaq ieptm could be observed 

at present accelerators. Of co”me, if the mum and ta” neutrinm are long- 

lived enough that their ma6sei mmt Satisfy c0slm10gica.1 upper bound* r151 Of 

order 100 e”. the corresponding W” an* NT ""It be much heavier. men. only 

Ne WO",d be .CCeSSib,e in labomtory experime"iS. and its mixing with Ye 

according to Eq. (2.12, would be quite ma,,. 

The absolute valuer of I",' implied by (2.7).(2.10) are shown in Fig. la. 

AlSO ZhOY" are the bounds bared on Eqs. (2.11) and 12.5).(2.7). which imply 

/u12MN = m,, - , c m (max) ior each neutrino flavor. 

The papers Of Ref. 3 treated the case Of very IleaYy N;~5, M(Ni) 5 100 &Y 

07 much heavier. in Eq. (2.131, we hdW relaxed these boundi Solmzwhdt. More- 

over. it has recently been suggerted 1161 that Ni could be ewn lighter than 

the boundr (2.13,. on the basis Of freedom Of the ""Lawa coupling giving rise to 

Yi. If this were true. the corresponding mixing parameterr could be smiler than 

in Fig. ,a. 
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2. bbss,ers-neutrino model. 

NEL : velll $i ) + NZL ; ,2.14) 
2 3 

x ;" 
,uL ,,Lf' 

a,> q 
7iF-2M ) 

5 % 

+ N&l + N c-3 
3L MN 

(2.15) 
, 3 

N Tiilll.$.&)+NZL(&) IL 
% 3 b 

+ N3& (2.16) 
3 

The "arameters ai have been estimated in terms Of mrac marses Of u, C. +. q"aTkS: 

_ [(n, 1 l"Z/3] t 3" al UC = IO-100 MeY (2.17) 

a2 . [imtmcl "Z/3] I 3" = 0.6-6 &Y (2.18) 

a3 i [(nlt-mctm"):?,x 3" = 2.5-25 Ge" (2.19) 

me "lixingi (2.14).(2.16) imply Yio,.tio"S Of weak ""iverrality ior PrOLeSSes 

involving light neutrino?. These are diSCUSSed from a model-independent *tar+ 

po,nt in the next. SUbseCtio". The rel",tr are 

i IpeNal' 14.x (2.20) 
a 

: IU,& 12 2 0.8: (2.21) 
a a 

M r 8 GeY (anticipated) 12.25) 
N3 

TheSe reru,ts. in contrast to Eq. (2.13,,.aW open to d much Wider range Of tests 

based on present experiments. Notice in Ew (2.14)-(2.16) that just as in 

the .aSSi”e-ne”tri”O model. tile.mixing parameters Uia are inversely prOpOrtiO”ai 

to the heavy ,epton masses MN me bound (2.23) will be replaced by a stro”ger 
a 

one (2’ Ge”) presently. ihe possibility of a variety Of “e”tral heavy 1mons in 

tile 1-10 I%” range SuggePts 6 large number Of pOS*ible experimental tests. While 

many Of these Ilaw been emphitiized prwio”sly [4.5]. some of the relevant exwri- 

ments are just now becoming posrible. 

c. Model-independent univerrality constraintr. 

I” the two Kde,s preicnted in s”bSection 8. tile co”plirl~ Of the ig light 

“e”tri”O q to the charged and neLltra, WeaX currents i* diminirhed by a factor 

I- 4 f IUJ. as note* in Eq. (2.3). In Ref. 9. constraints on this parmeter 

arising from weaL universality have bee” presented. There are now rmnlarire* and. 

where appropriate, extended. 



?T +h 
-A- = ,- 
zrw : I”,& I’ (2.31) 

Present comparison Of (2.29) and (2.30) Only ConltrainS 7 lu,, Iit0 be Ierr old” 
& a 

aboUt 30%. Let us anticipate ilproYem”ts in this figure S”Ch that 

z 1 %,.&IL 5 I o % (owticipc+dl (2.321 
I” What io,,owr. we SIN,, use this e5timate, keeping in Inin* that it hai not yet 

been attained. Precise iz lifetim masuremnts ttlur Continue to be Df COnSiderable 

importance. 

3. Comparison Of r-w” and Ti+A.u. 

Lepton mariei, mdiatiue corrections, and ne”tri”O mixing% combine to give 

the prediction WI 

riTT-?P 0) 
R : r(n-,*U) = 

(I.233 *lo-y) ‘,y ‘, ;“:“*” 
/*wJL (2.33) 

Charged and neutral weaX turlents can contribute. ihe rate for any given PrOCeSI 

scales ais $5. 

I” Ref. 9 a rough attempt was made to estimate the rate at Which new decay 

channels open up as b$ increases. The tota, decay rate from charged-and neutral- 

current procesles may be exprerwd in terns of ,& r = 4.55x1o5 5-1: 

rw 
Tz ’ “UI (+p % CM,) , ‘$-= & (2.37) 

$j(~,) = N.b-L/IGeV)p l2.38) 
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me power-,.% obtained in Ref. 9 corresponds t’l FO.3. Here we calculate 

the Openinp of new chdnneli mre precisely with the help of emt matrix elements 

and phase space for three-body final States produced in charged-current d”d 

“e”tra, CUrrent eca.vr. These matrix e,emntr and phase space factorr lead to 

the following finite mass suwre551on iactor5 I fcs the decay proces5 

P*B+C+i!: 

i) A-8 alid C-D coup1ingr left-handed: [271 

(2.39) I-- =, (2 1 z , %) ) 

where 

r\i*,Y, t)= '2 J&z s 
(@*)'d_s c~-~~-~~)(I+z=-s) 

. \ [5-Cxy,'] L s- cx+y)*] [ (I+?!)*-5 

(2.411 

jji) ,<+p CO,,p,i”Os ri@l-ilanded and C-D cow1ingr left-handed (or vice 

versa): 
r =rz($ z* J “p-l, n, (2.42) 

where 
b-x) da 

11 (r, 3, + 1 = ay y * J (yct)z 
r (1+x' -5) 

we consider three limiting casei, in which the heavy lepton mixes primarily 

with yc, "r, or ",. In a,, cases charged-current decays COntribute exclusively 

tc sOme processer, neutral-current decays exclusively to some others, and a" 

The aisumed nlaESe$, in addition to those rearwed for the Charged leDtoni. 

am rn” = “td = 10 Me”, rnS = 0.15 a”, mc = 1.5 QY. rnb = 5 tev. and mt = 25 Ge”. 

we take sin2ew = 0.22 in ~a~~~~l;ting new~~-~urrent decays. 

The resulting f&CtOTs q for heavy 1eptons mixing with light neutrinos 

vi(i=e,p,r) are IhOW” in fig. 3. A best-fit to the form (2.38) Yields: 

rn,(r-l,) = 6.75 (W,/l &v)“.” 
(2.44) 

ip_(nY) = b.YI (n,/,‘cVJO.lq 
12.45) 

s; cn,) = I.“ (Hp 11 ~~~~~~~~ 
(2.46) 

The cormsponding iiietimer are predicted to be 

;r,<-- *.I3 1,0-115 (Ii, ( ,Gev)-=.r’ Iul-L 12.47) 

TN-= +.a49 X1D-I~. ( Hw/,6rV)-=~‘q luI-z (2.48) 

rut : I.0, rm-‘r 5 (n, /I (;cvyq IU’ 
-7. (2.491 

We mstrict the diX”lliO” to HN + 50 Gev. Above this YdiW, w and z pvoPa9atOr 

eifectS begin to be important. and fOT MN >t$ HZ decays to real W’S and Z’S 

dominate. with rates 



l5 16 

The branching ratios Of heavy ,eptons into Yarious final states are Show” 

in Fig. 4. Typical Ya,“eI are 

L?(N *P’e-‘u> I 0.X l2.52) 

D0.J -7 ncutrinar> =. 0. I - 0. l 
(2.53) 

0 (N -7 1--t h<drows> L o. L( - 0. 5 
(2.54) 

*(N-7 tit hdrons) r 0. I (2.55) 

me decay mode (2.54) is useful in principle for reconstr”cting the nldSl Of N. 

FOP iow-mass ieptons. Table I giw a more detailed breakdown. 

AS an i,,ustration Of the Pmge Of lifetimes one may expect, we show 

in Fig. 5 Contour5 Of fixed Q)ffrOrn Eq. (2.48) as a f”nctian Of lVli and 

MN. TheSe may be compared if &Sired with Figs. 1 to see the enOrmO”s range 

Of pos5ibilities allowed in Specific modeis. 

I” left-rigm symmetric mcde,s there is another potential source Of N decay, 

Which invo,ver the exctmge Of a right-handed w. me N then coupler to a charged 

,epton with f”,, strength. so there is no mixing factor I urin the decay rate. 

on tn.5 Other hand, the rate ii ruppresred with respect to that for an ordinav 

weak charged-current decay by the factor (~,/~,,4. The WR can Co”Ple with 

full itPe”gth to right-handed quark pain: (u,d)R; Lc.s)R’ (t&JR. ThUS the 

effective number Of open channe,i is not Yery different irom aat illustrated 

in Figs. 3; it ii 3 fOl WC-h fully open q”art irodoubler channel. 

The decay Of N via a right-handed w the” predominates wer its decay “la 

mixing with d left-handed “e”trin0 if 

(Q, /Tup)q 5 lull (2.56) 

Bounds on $ depend on the processer ass”md, but one cannot in the present case 
R 

use any bound* bared 0” ,epton-light neutrino charged currents. R bound based 

on tile kL I$ mass difference iz6;’ iw1ies 

hur 2, 1.6 -rev, 12.57) 
and hence the decay “id WR only has a chance Of predominating if 

lolZ _L ( ;; g’;‘v”)* = 6 x,K‘ (2.58) 
If there are tw differenf types Of tIemy ,epton N, d"d N2. CouPled 

Yia WR to charged ,eptonr 1, and i2, decayr Of the form 

ry) -7 .e, t-J, E (2.591 

also may occw via WR exchange. There could give rise to interesting multi- 

lepton lig"dt"ml, a5 discussed in Sec. 111.0. 

E. Experilwntal signature5 Of a neutrei heaYy i?Pl.. 

Fig. 5 rilowr that detectable path le"gthS are pcesible ior quite a wide 

range Of parsible paraneteri. These paths range a11 the way iram sub-millimeter 

tnci(* tc' h"ndPedS Of meter-l, depending on masses and mixingr. I" 5ec. III 

we *ha,, diSCUSi specific experiments sensitive to there possibilities. Here 

we give a brief OverYieY. 

since a neutral tlewy iepton decays by mixing with light neutrinos. its 

decay products m"St Contain either a charged 1epton (if it decays Yia the charged 

current) or a neutrino (if it decays via the neutral current). Tne veak current 

the" materializes into d ,epton pair or a quark pair. as il,"Strated in Fig. 2. 

For 1 cevi MN c 2 &Y, one can expect the weak CUrrent to give rise to a 

restricted class of hadronic final states, just as inr decay. Thus we might 

expect to see 

N -> .l-ua (2.60) 
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apDeari”g in the fOmlS 

hi- E- rT+ 
2. “* TlO 
p- rr+n n- (2.61) 

ior he.Yier N, exclusive find, states Will become harder to reco”str”ct as the 

number Of different ctlanne,i growI. HOWeYer, Calorimetric methodi based on 

jet reconrtruction could in principle marwe even very high effective massei. 

R neutrino beam can produce heavy neutral iepions Yia a neutral-current 

interaction. nleie Cd” then travel some distance from the interaction point, or 

be detected immediately. Events can be scanned for secondary uertices, for 

“““S”., leptolls UT ,epron energies, or even for decay 1eptm from upstream 

interactions. some Ooslibilitiez am rmnarim* in Tab,e 2. 

Heavy quarri such as c and b Cd” decay Semi1eptonical,y Yia the charged 

weali CUrrent t” a nelJtra, heavy leDrOn am a charged 1eptan. Th”S one night 

examine event5 with c or b prOd”Ction for IeCOnddry vertices or “n”i”al 1eptons. 

Fir *e shall see, “nly d restricted set of mixings may be POSSiblF ior heavy leDtOnS 

aat can be prOd”Ced in i decays. k dedicated experiment with many b quads 

produced could set sow very “Id”, iimits on neutral heavy ,eptons in new region5 

Of “lass d”d mixing. 

Ii,. PRESENT RND FUTURE MASS AND HIXlNG LlMlTS 

A. Leptonr from T K dew". 

The absence Of N COUpled top or e in rr, it-,uN or" x -Peti has been demon- 

STrated directly in dedicated Iearch experimenti [10, and indirectly via the 

absence Of decays downstream Of acce,erator neutrino IO”rceS. WI If any 
neutral leptm exist with masses less than %-ML (l=e or,a), their mixing% 

with yl m”It be extremly sm,,: typically IuI’~10-5 d. depending Smewhat 

on the msz. S”Ch *ma,, valuer are implausible in the SWCifiC models illus- 

trated in Fig. 1. though they CO”,d arise in the “errion Of Ref. 16. 

B. Exotic 7i decays. 

som time ago it W&5 Suggested that the decays r-v,uc or Z--U, Nt- 

could be “Ied to Search for new neutral leptonr co”o,ed With full strength to 

e,ectronr or rn”O”S. [,O, A search [A,, excluded such lepto”s UP to about 1.2 GeY 

in nl.sSI. However, the StatiStiCS were too limited to exclude neutral 1er’toni 

coupling with reduced strengths. A more recent Sh3TCh for unexpected t decay 

mOdei [32, invo,ver final States WithoUt UC. If r---7hlct ... , and NC 

decays Yi. mixing primnri,y to u,, there will Still appear a uz in the final state 

Thus ais search cannot help ret ,imits except under special cirE”mstances for 

the present class Of models. 

c. Beam dump prOdUCtian Of c and b quarts. 

Neutral hewy ,eptons can be produced in hadronic interaction5 from the 

decays Of c d”d b quarks: e.g., 

DD+-,Ls=-,]+t.J+ (apt-~+ (3.1) 

6, Ft -> h, * (.ec,tuw y (3.2) 

B'-7 [char-l + G + (&pte,)- 
13.3) 
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severa, tIeam dump experiments are SenSitiYe to N at d USei”, level. We flmt 

eitimate tile rates for ‘ham and b prad”ct,o” d”d ior chaml and b decay lntc 

a neutral heavy 1epton. 

1. Prod”ction Fates. 

Many Of the experiment5 we ihi diiC”SS were performed at an incident 

pr”Zon energy of 400 GeY. For IhiS energy, rile cross EeEtio” for charm production 

“ai been measured to be 13q 

q p + nucbar -> DS+.-.) = a-lkY*S /.b (3.4) 
L for d’r/A$ -(,-x)‘e-““A, wt= (1; + I+,) *lx in Ge”. 

The cross section for hddronic F production has not yet kc” measured. 

I” analogy with strange Particle production, we might g”eZS that it is about 

l/,0 0‘ that ior D prod”ction. AI we ItId,, see below, ewn at this level 

F’S CO”,d be a potential source Of useful information on heavy 1eptanr. 

For an estimate Of hadronic B plod”ction, we scale the cross section fop 

charm production at a lower value Of 6: 

r(Bg; {r;) 22 ‘Z)L a- (DE ; d-i- %a ) 13.51 
we assume, as in Ref. 3 3, mat the charm cross section behaves as i 1.3, 50 mai 

r(aE; 65) = ‘Lb (rnpfM*) a-(DG; 6-1 (3.6) 
A Slightly more peSsimi6tiC estimate results if we replace (3.5) by the asiumprion [Ml 

that cross sectians scale a5 ‘Jd where r, is d two-g1uon hadronic width. 

If rL”ariei 5,ow,y with M (as is true for the c-gluon widths Of +anw, 

the power in (3.6) Could be dS large as 1.6. We then estimate (at PL = 400 W/C) 

G-(B)-c(r(E) -L 1o-3’ c-Z (3.7) 
Halien [34.x] has obtained the estimate 1om3’ cm2 for the non-diffractiue cOmpO”ent 
Of B production. We Shall present results for both 1Q-31 cm2 and lb= cm2 

in the absence Of a fino meaP”rem”t Of tlli5 quantitY.[361 

$“: 1371 

%L (D) = 8.2f 1.2% 
(3.8) 

~,D-Ls=-~]NL+) = q,h& >O> -2- 
ne purely leptonic decays of 0’ and F+ are potentidl iources of more massive 

neutral leptons. me .estimates Of these branching ratios follow riandard mettlo*r. 

[4,301 Here we assune that N mixes With DC For mixing with “+, the klnenatlc 

limit on the highest accerrible N mass is simply abOUt 100 Me” less. He find 

r(~+-? NC)= \Ul’ r(K+,..u) cc0 /c. 1’ 

_ t-&h& \ ’ 1 NN1/d 1= 
I +‘I”r* ; l3.101 

T(FT-9 we+) = , uIL cofzec r(Y-7,L.Y) (FF lL 1’ 

- :.I:: \‘;$/,:$ I= (3.11) 

AS a COnSerYdtiYe estimate we take fD = fF = fK. [31 The mc.“red lifetimes 

Of D+ and F+ are [E+l 

Cl. 2 -13 
-G+ = (%a _)_D ) J 10 * , (3.12) 

r,, = (3.5 +I.= ) . 10 --13 ~ (3.13) 
- 0.7 



we assume central values. Then. for mF = 1.97 GeV. PO1 

B(W+--he+) r_ (I.S~“IO-‘)~V~‘(H,J/~~G~V)=[ I-H,:/&]; 
(3.141 

B(F++N~') = ID-' JUIL(h~/lG~V)'LI-NIJI/MFI]L (3.,5) 

The semilepronic and leptonic branching ratios (3.9). (3.14). and (3.15) are 

compared with one another in Fig. 7. For M,, above 0.8 GeV. leotonic decays of 

o+ movide an intrinsically larpr branching ratio. However, since DC production 

is certainly no mre than half and probably more.like a third of hadmni: 0 

,,rod+ion, the advantage of the leptonic decays probably is only felt for s 

above about 1 Ge". Far 1 Ge" L MN 61.7 GeV, the F+ -de+ branching ratio is larger 

than that Of DC-Net by aboUt the San? amunt that one might expect F+ pm- 

duction to be suppresred. Hence F+ production. once measured, his likely to add 

statistical power to a heavy lepron search, and will allow the mass range to 

be extended by about 100 MeY. 

The branching ratio of 3 (hadrons containing b quarks) to heavy leptons in 

Eq. (3.3) may be estimated from the integral I,(~,,~a,~6)in Eq. (2.40). 

plotted in Fig. 8. For future reference we also show the average value of 

P,,,,,,, in the 8 center-of-mass. When MN-d, the pmce~s (3.3) corresponds to 

b -m-i& , which ir measured to have a branching ratio of 11.6 A 0.5% E BSL(E). 

1221 Then 

E (o-.Ld-It-i? = Es,(B)=, c5 , ‘xL *) I ulZ. (3.161 

the result is shown in Fig. 9. The ab~enT:of 2; detectable b -." coupling 

prevents us from making an estimate of leptanic decays of b; mesons. but such 

decays wiil be quite mm and probably of no we in setting bounds on neutral 

heavy le~tonr. 

3. Genera, experimental conriderations. 

After the heavy lepton is produced via charm orb decay, it travels a 

22 

distance 

L- PwCTr, /&4 , (3.171 

with TN estimated vi. one of Eqs. (2.47) (2.49). fhe ,ifetim TN depends 0" 

the mixing strength IUI1, and can be quite long for sIna,1 fur This Cd" help 

in detection. 

The beginning of the decay region is assured to be a distancey, from the 

p,,int of production. and the ,ength of the decay region is A. The" the WObab- 

i,ity Pd that N is obierved to decay between 1. and !, +A from the target 

i5 
l-&Z e- I./L (,-e-4-), 

(3.18) 

A specific experimnt with angular acceptance CC- thus will set limits 0" 

I VI1 and ,J, correrwnding to a fixed value of 

~c,,., B) B(D~. BdN) BCN+d.t.ct.d wade) pd %, (3.19) 

There have been several beam-dump experiments sensitive to heavy ie~ton 

production in the past few years. [41-M] Some of them are smarized in Table 

3. The most recent in this table has quoted a limit on D decay to a heavy 1Wt0" 
+ 

based on the PrOcefS 0 -.tle In what follows we shall present an indemndent 

analysis Of this experiment, extending it to the case 0‘ 8 production. Me how 

that this illustrative examp,e can encourage the analysis of 5ome of the other 

experiments in Tab,.? 3 in tern of charm and 6 decay. a5 well ai stim"lati"g 

further searches in beam du~r. 

4. The CHARY experiment. 

In Fig. 10 we reproduce the limit ouoted by Winter [48j on a neutral 

heavy ,epton N mixed with L", on the basis of the decay D-eN, N -.'e-we. 

The lower curve corresponds to long-lived leptons, while the limitation Set 

by the upper curve arises when the leptons decay before reaching the deteCtDr. 
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The q”d”iitler required illr the 0 -ok analysis inc,ue: ia) me ” 

production cross section and x, p” distribution; (b) the branching ratio 

8(0 +Ne) as a f”nCtion of MN’ (c) the branching rati’l B(N -.+e-v,) (since the 

e+e- final state is What is searched for); (d) the angular aCCepta”Ce E* , and 

(e) tne probabiiity that a lepton traversing the detector will decay within it. 

ior andlysis in terms Of 8 producrio”, the q”a”titieS (a) dlld (bj are replaced 

by (a’) the b or 6 production cross section, d”d (b’l the branching ratio 

O+LNE-. We shall also describe the limits that might be obtained ‘mm a” 

“ideal” beam dump experiment. 

ia) Of production. Some 0 mesons are produced “directly”: others occur 

via cascades from 0’ We shall w thatr(D, direct) =G(D’). ihen since 

Of decays iavor 0” by a known anK’unt, we rindu(JfD-orD-1 = (DO 07 PI/Z, 

and with the help Of (3.4) we estimate for protons at pL = 400 GeY thdt 

CTCD’) + G-CD-) = 1s rb (3.20) 

In the CHARM beam dump experiment the total nunber of 8 produced is then 

rJJ(F)+ NCD-) = IS .?,o-- c,..z 
Gt *,D-z‘ c”.x 

,(2~V.d) 1 /o=. 13.21) 

AS noted ear,,er. charmed particies leading to direct IePtOnS appear to he Pro- 

duced with a distribution (33,491 

d’r/dp3 - (l-x)v =-a-Q- ) 

wI =_ (p,= + L+~~)‘~ 0.. GcV. 
(3.22) 

Ire shall thus take tne ayerage D ,~od”ced at pL = 400 GeY to have PD = 67 GeY 

in the ldmratory. The V?Ldisirib”tion wi,, enter into WI ialrirlati0” WrfOrWd 

kicm Of geometric acceptance. 

(b, Q,N~ branching ratio. We assum for present pwposes that N mixes 

primarily with “< with mixing psrarreter u. (similar arguments apply to the mlx?ng 

Of n with !JJ, but the kinematic ,imit on the highest accesible Ei mass ii simply 

abo”t 100 Me” iess.) ihe branching ratio of interest iS the” that gi”W by Eq. 

(3.,4) and Show” by the dshed c”rve in Fig. 7. 

(c) N-tie-v, branching mtio. Again, we assme here that N mixes primarily 

with Oe ihe above decay then occurs ,‘id both chaiged a”0 neutral currentS. 

Taking dCCO”nt Of the Contribution Of both Of these, we find [ 9, 18l(for EN >> 

25 and si”2e, = 0.22) 

r(~=-,L’C-VC)/r(Ne--7C~uV = o.s-7. (3.23) 

The branching ratio to/+-“, is much less: 

r(t+ -~/.*,u-ue) /l-/Ne ->C,uUl = 0.13 (3.24) 

If N mixes primarily witI. Ye . the abow two estin,ates apply, respectively, to 

the p+*-V, and e+e-v, final states. 

The tota, I$ decay rate and ete-2 branching ratio were est,mated in sec. 11.0. 

referring to iable 1, we see that for the mass range of interest the bra”chl”g 

ratio to eie- y1 is ?.bO”t. 8”. We Shall .sSS”mE this number in what follows. If Only 

charged currents contributed to N, decay. this number would be abo”t 20% Instead, 

and the bounds would only be stronger. 

(d) Geometric acceptance. FPOrn the parameters piven in Ref. 47, one sees 

that the detector subtends 9.6: i” azimuth. and a polar angie ranging from 

0,; 7.3 ml to $: 13.5 mr. The rota, solid angle IS then 3.9 x 108 sr. We 

.sSS”,W that the average angle at which N is mitted is that Of its parent particle, 

the 0. “sing the $ distribution 13.22). and an average D momentum of 67 GeY, 

we find that the polar angle acceptance is 0.19, and hence the angular acceptance 
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MC*, + NCfi) : lo-” iv lo-‘= <I”> 
‘(a-m-= cl..= 

w (a.* sm’l ) 

= 

{ 

6 r,o” 

b.c!O” 
(3.28) 

<b,“) _’ (b,B/h,) r-l, (I-t <FN”/~N)‘)‘/’ 
(3.29) 
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exciuded by Other mans. however. 

5. Brief diSC”SIi0” Of other beam dump experiments. 

we haw dwelt on the CHARM experiment as the nwst recent and statistically 

poWerf”l cf those listed in Table 3. HOWEYer. others may be able to fill in SOme 

ai the reg,ons in i,g. 1, not covered by the CHARM experiment. The crucial in- 

gredienri are a stmrt path length L, between the target and the beginning Of 

the decay region, and iarge geometric acceptance. Thus, because Of its ShcH 

initial decay length 1, , ewn the relatively ,oW-ltatiStiCI eXpePiM”t Of Ref. 

43 my be .h,e to prwide u4efuI iniomation in the range /~f’-lo-*, MN up to 

- 1.8 Ge". The experimnt Of Ref. 45, With a very long observed decay length 4 

and an initial path length 1, lesi than half that in the CHARM exwriment, alSO 

may be able to fill in iom gaps. 50 may the experilnent Of Ref. 46, with 

L, = 56 m. 

0. High-Statistics neutrino ex,xrim”t~. 

Neuirino beams can produce heavy 1eptons “id the neutral weat current. 

Tnr production probability is just that of an ordinary weak current Timer the 

square Of the mixing parameter Iul~(timer a threrhold iactor). 

In a high-statistics neutrina experiwnt one might expect severdi million 

neutral-current CYellls. A” upper limit Of severa, distinctive heavy iepton 

signatures would then COmeSpOnd to a .\LJIZlimit Of 1o-6 up to msses “here 

threshold effects beconE important. ht IuIX= d, the expected lifetimes range 

from -10-5 (at t$, i 1 &Y) down to very ma,, va,ues (lo-‘% at MN = 30 Gevl, 

as iliustrated in Fig, 5 for N, If I”1 x is larger, lifetimes can be ewn Shorter 

Th”S one murt be ready ior all pOsLibilitieS “cad in Table 2: &?ca.vs tcm Short 

to ob~ewe, observable within the detector. or occurring beyond the detector. 

1. oecay path too short to observe. One nut infer heavy leQton Pm 

duction from unusual event signatures. In the class of mdels considered here. 

the decay of the heavy ,e,Xon always gives rise to a “right-sign lepton”: 

either a charged lqtan or a “euirl”o. Additional 1eptonr often are present, 

however. These ui,, be harder on the average than lepton~ from the decayS Of 

haorons produced at the hadrmic vwtex. In the models of Re‘. 3, N. 

by Virtue Of being a “ajo,a”a partiile, decays equallr to leotons Of either 

sign. [%I 

The study of dimuons in neutrino event5 has a long history. The earliest 

diin”W eYentS were recognized as a s,gn Of charmed particle pro*“ctio”. *“med. 

rmst if not a,, of them appear to be due to charm. This 10”rce of dlmuonr IS 

analyzed exha”5ti”ely in & recent high-rtatisticr Study. PI containing refer- 

ence to earlier work. What is not quoted in Ref. 5, is an upper limit on the 

number of dimuans that could be due to decays of heavy le~tonr. 

The distrib”tio”5 in azimuthal angle 4 t&mp+ and/d- for ” and; wenti 

should be peaked at l8V for charm production. We estimate by eye, taking the 

b!.mte car,0 calculations Of Ref. 5, at iace va,ue, mat no more than 10% Of ” 

dimLIon ewnts an* ,: Of ii dirn’m” e”e”TS could be associate* with a flat 6 dii- 

tribution. and hence could come fro”, Other iource*. nir. however. dOCI not 

provide a pdrtiC”larly stringent bound. since rppvao‘-) z 0.6: for ne”trl”os 

d”d rpy,,ry, z 0.6% for antineufrinoi. d”d since rlNC)mcc) co.3 for 

neutrinor and 0.4 for antineutrinoS, we est,mate 

‘-[hr.“3 &@o”\) B[&pt.a -ry+,‘.e. ... ) / O- ( NC) 

I 
(0.6 %)(10%)/0.3 = 2 x/o-3 CV> (3.301 

-L 
1 (O.‘%)f?%)/O.L( = 1o-3 (G) (3.31) 



29 30 

since we estimate (for a 1epton mixing with%) B(lepron-rp+p-+...) r 8% , 
tile antirmtrino limit Cd” only ret a re*triction Of luI’10-2. which we anti- 

cipated anyhow an the basis Of ““iverrallty. NcmetheleSS it is reasuring to 

ree that Such a limit can be obtained independently. A more pl-wise analysii 

may be able to strengthen the bounds scmewllat. 

The production of neutral heavy le~tonr in neutrino interactions is subject 

t” threshold ruppresrion. For neutrinos on quarks Of left-handed or right-handed 

helicity. the ruppmssion factors for production Of mssive states are, res- 

PectiYely. 

d&$ Ir,So / = I s’dy Hr’O 

= (I- H,‘/rs)= (1.h. quarks1 (3.32) 

= ( ,-*u’,r * )’ (,-y- ZL) /(,-y) (r.h. quarxs’ (3.33, 

where 5 is the SQ”dP Of the c.m. energy. 5 = y’ ’ + ZmpEy. We may estimate the 

effect crudely by assuming that Only left-handed valence quavirs cO”trib”te to N 

prod”ctio”. (Their Contribution indeed ii the dominant one.) WC assume an awr- 

age structure f”“ction 

x 9 CXl - x’/’ (I-x>* (3.34) 

ihe threshold iactor ii the” 

SE _ r(c)‘, f-‘*) $(r> 
q - TCE? , G) =C 

(3.36) 

ihe result is p,otted in Fig. 13. tleutrino experiments at present enewes 

are not very efficient in pro&ing heavy leptoni much above 5 be” in mass- 

one phenameno” in neutrino interactionr for which Standard mdelr are 

““able to aCCo”“t is tile observation by sevwa, groups of same-sign dileptans. 

[52.53, I” Ref. 9 we discussed one parribility for producing these with the 

help Of a neutral heavy lepto”. “id 

v+(hpdro,)-T +- F+ + -.. 
L? Np- 

l-,p-, (3.37) 

a5 part Of a m”lti,epto” everlt. Another pOSZibi,ity WOUld i”“OlW tile sequential 

decay Of one heavy 1epton to another. e.g.. via 

v+(kccdm.~ --, Ns+ -.’ 
4x.hk4; 

P’*z’-* (3.38) - 

Th,S decay Of N, co”,* dominate if a right-handed w WR Sufficiently light. 

cjency ,” detecting a decay within 2 given detector ir tile function 

G(lul’) E IL’!’ Pb,d = lUl’[ t- $(,-e-“L) ] , (3.40) 



A” experiment to search ior heavy ,eptonr in the reactlo” 

,u + ~murlco” ) -T. Chrov., Icpto- )+ (3.42) 

was described in FM.57 Experiments Of this type are Of considerable interest 

in searching for weal: couplings Of right-handed type, but do not set a very 

stringent limit on left-handed 1eptonf. The reason is very simple: fast muons 

are produced from K orn 2-body decay and are tliglliy polarized. iile,u- are mostly 

,eit-handed and they- are mrt,y right-handed. mir helicity m weak 

interaCtionS Of Y-R type. 

me experiment Of Ref. 57 can rule ollt a neutral tlewy lepton between I and 

9 GeY if if ir Coupled with full StPe”gth t‘l the right-handed current. me pre- 

dicted C~OSI section (timer a 10% branching ratio assumed far,+nuv) is eqml to 

tile 90: confidence limit experimenta, upper bound at 1 and 9 GeY. and exceeds it 

within this range by at m5t a facror Of two,arom MN = 4 Ge”. me/t+ beam is 

2 80% left polarized, ID (p’,. /(p+,‘sfi. me corresponding ClmSS section for 
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production Of N would be bounded by 

cr (p’+ ,nvcleon)-r N (“i&Lh. cwrent) t...) 

,Qr+ ,n”c,eon,-r ll,via full strength T.h. current)+...1 

I 

I (IGCV 5 Hu _L 4 GCV) 
L $lUl’ < 

2 ( clu = y GelI) (3.43) 

so one Cannot Set a “Ef”, bound on IOf’ 

Dedicated Searches in ep colliderl CO”ld be d much more powerful source Of 

information about heavy neutral ,eptons. Both longitudinal polarization states 

of e will presumably be available. It appears feasible to collect a sample of 

at least 104 ep-v,*.eventi in an experin1ent ulth II; L 200 Ge” Of moderate dW- 

tio”.[it31 one CO”ld the” set bounds Of order 1 UeN[lL 10-4 if an experiment 

were sensitive to N at the sing,e-e”ent level. This W”,d be WSSible if secondary 

wr:ices could be detected. ne N is likely to em?rge from the Collision at a 

Wide angle with at ieast ievera, tens Of Ge” Of energy (in a typical co”fig”ration 

based on 30 WY electron and 800 G?” proton energy). Its path 1enw tile* 

exceeds d few cm. for Iu1’~10-4. up to MN zsevera, &Y. For larger Mil maSSer 

one would have to infer the existence Of N indirectly. 

If d right-handed w existr. it cwp,es to (charged ,epton) + II with approxi- 

mate,y the same strength that the left-handed H Co”pleS to (Ch.rgDd 1epton) 

+ “. The reaction 

ep 4 be + -” (3.441 

then can produce Ne with a rate (Q/NJ times that for ep -v “* x. if 104 
wenti Of the iatter can be obtained, an experiment observing I went Of the 

ionner WO”,d correspond to QRC 10 Q = 800 Ge”. SUCh a “a,“e is not excluded 
L 

by present direct experilrmt5. [SO, though there are indirect s”gwtio”s that 

this ,a a value is plausible in grand unification IchemS. WI 

F. Production .thro”qh b decays in e+e- annihilations. 

Electron-positron annihi,ations provide copiow so”rce6 Of b q”illkl at the 

I” and at higher energies in the CO”tin”LJm. As an example oi what can be 

learned aboUt neutral heavy leptOn6 from the decay* Of b quarks. let us consider 

an actual ~ltuation bared on the CLEO detector at the Cornell Electron Storage 

Rings (CESR). PO] 

The tot.31 samr~le of 6 + B at the 1'14s) is 8.4 X 10'. [611 The semilep- 

tonic branching ratio BIB -.lcham)fR) is estimated to be 2 3 x 10 -2 lUl2 for 

MN & 1.8 te". At this mass we estimate that 

BChl--rI* + 3 P-3') = II 7. (3.45) 

by analogy with C decays. [62,63, Then, taking into account of a further track detection 

efficiency factor. we expect to be able to observe aboUt 250 JVIZFd heavy 

le~ronr decaying in the easily observed I'+[3 charged particle, made. where Pd 

is the crobability that the decay occurs in the detector. We assum this 

figure independent of N mass, taking the change in B semileptonic branching 

ratio to be compensated by a change in the I'+ 3 w-D"~ ratio 13.45). (The 

et+ 3 prong siyla, may be very weat below s 2 1 te". %WeYer. if the DEIS 

distribution of charged pion in multi-prong E decays is any guide. 1631) 

The minimum and maximum decay distances are taken to bet,= 3 ""I and 

4,+a = 8 cm. (Decays OYtLide the beam pipe are harder to observe). The prooer 

path length is approximately 

il (p,/u*)(1.3 --~(k,/lGcv)-= 1 " I-= , (3.46) 

for N in the mass range of interert. We estimate (q,/MN)from Fig. 8 since the 
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B’S are nearly at rest. kr’andirlg (if no ewnti are seen) 

>-SO /VIZ Pd < 7.3 (90% c, I. ) 13.47) 

we f,“d the COnfO”r Show” in Fig. 16. Values Of ldabow dbwt w2 could be ex- 
C,“kd by a read. based on present data. some impmYcme”t at the lowest masse* (-1 

WV, WO”,d follow from extension Of A. &” increase in Stdtistics would lead to a 
decrease in the upper limit on lUll ,tnc lower branch Of the curve), particu,ariy f0, 

the largest masses.for WhiC” the /uI’ upper bound is Inversely proportional to tile 

number Of B’S produced. ThiS Search fi,,S in the large IUJZ region to Which beam 
d"",D experiments are inwn5itive (Figs. 1,. 12). 
G. Producti"" through bl.d"d z decays. 

ihe decays W-L + i or I -!J+ h can proceed via Inixing Of N with the light 

B(UJ~~+S> = “.“8I~j’(,-~;)~(,+ s;-), (3.48) 

R(t- uthi Or Y+hl)= o.frluJ~(,-g.J=(,+ g$ ) ) (3.49) 
when the last faCtOr aCCO”“t ior kinematic r”pprersio”. 

I” a large pp Eoiliding bean experiment one Cd” envision ObSerYing up to 

aboUt 104 w decays to +v Thus one expectr to be able to probe valuer Of 

lviZ down to dbO”t. 10-4 up to h ma5565 which are a substantial fraction Of Q. 

Eventually e+e- collirions at fi = M, can lead to samples Of at least IO6 

total Z’S, This Ought to permit tile l4’1imit to be pushed do”” at least an 

order Of magnitude further. The decays W-AN, Z--v@ orzN rho”ld be quite 

spectacular. They would lead to unbalanced jets. For very light N ($5 6 GeYl 

and small IUl’L 18, the N can decay on the BYerage MW than 1 cd from its 

production point. 

H. Production through. 

A Ptrong Peaso" for considering the neutral heavy ,epton is that it is 

a natura, conrequence Of grand ""ifid theories in which a,, know" fernlions 

belong to a &representation Of the iynmrry group. In W(i), this is 

not the case. [I, but in the *impleST mode, containing S"(5). namely 50l10~. 

the fermio"S belong to a m 16-piet. [2, ne*erS Of ais mu,tip,et c.3rry a 

distinct charge ,fddepe"ding 0" their SU(5) COnTent: 

5s: ,Y=-j cd,c-,%L 

ID : Ku--l [z, u, d, ~'1 L 

I : x=-s (GIL (3.50) 

While the ""mixed neutral ,epton N has no e,ectroweak charge, it m have 

y# 0. me gauge bOSO" coupling to f'(belo"ging to SO(1O~,S"(5), need only be 

heavier than about ml-300 Ge”, depending 0” tile liiggs structure .ss”med. [641 

Let us call this gauge boron z2. 

Another source of N can be a right-handed W, which also arises naturally 

in SO(lOl. t501 Indeed, we expect 

B(w,-~N> = B(IU,S 20) r (/ia (3.511 

We have eitimated the productian Of WR and z2 at m”lti-Te” pp and pp coIlid- 

ing-beam machines. The hadron Str”Ct”re f”“ctionS BSIlmx are take” from a 

forthcoming review ai the physics porsibilities Of IUCh mctlines. [El ihe liR 

coupiingr are estimated by arsuming gR = g1 , whiie the z2 couplings are estima- 

ted as in Ref. 66 b”f with zo-z2 mixing ignored. (The U’llr cowling is assumed 

to haYe the same strength as u(l)yw . cwreSpO”ding to care (A.,) Of Ref. 6 6) 

The results are IhOW” in Fig. 17. For a pp experiwnt at EC,“, = 40 Te”. sms1- 
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1”. CONCL”SIONS AND OISC”SSION 

we have Drexnted 3 variety Of experimenta, terti ror neutral heavy IePtonS 

mixing weakly with ordinary nelitrino5. The most prO”iSing Of these fov low 

lepton masses involve extension of ~re”io”~ly obtained beam dump limits. [47,481 

It seems posrit’ie with idea, experiments to exclude mixingS above JuI1l 10-5-10-6 

an* m*SeS below about 3 GeV. Searches in high-statistics neutrino expenmentr 

are capable Of Luiling to higher KmSseS if Ihort tracks can be detected. or if 

a ciear-cut neutral 1epton signature is obtained via recanrtr”ctian Of 1eptaw 

hadron effectiw massei. New neutral ,eptoni also can be produced in ep inter- 

actions and in e+e- annhilations to hea”y quarks such as b and t. The moSt 

promiring tectlnioues ior higher-mass 1eptons. however. involve decays Of W’S 

and 2,s. If they exist at low enough m.ss. any further gauge bOSO”S that might 

exist. S”Ch as tile right-handed w or additional Z’S, alSo ape quite likely to 

prduce new leptcm in their decays. 

we Ilaw concentrated on direct SeaTChel for new neutral hewy lc!pton*, 

omitting some Yery inremrting indirect tests. FOwmoSt among these is the study 

of neutrinolesr double-beta decay. [6,67J 

Others involve seadws for rare proces*es SUCh asp--Y. The later paper Of Ref. 

6 contsins a gcd dircuriian Of swera, of these tests. 

we haw bypaSSed the intererting possibility that. while aitrOphyliCal 

arguments permit Only a few flavors Of neutrinos (probably s 41 to be light, 

[68,69] hea”ier isodoubletr are llermitted. They are ewn allowed to be rtable 

if their mass exceeds about 2 Ge”. [69,701 The decays Of Z’S into pain Of 

such object* is an excellent vay to search for them. [VI Sequential char@ 

an* neutral ,eptonr (weak isadaublets) also may show up prmli”ently in w 

decays. [721 
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TABLE 1. Branching ratios into SpeciflC final states 
for ,ou-mI*s neutral hemy ,eptanr, in percent 

Lepton 

MlN)lW) 

Final State 
u-e+ Y 
e-e+ Y 

1 

“-“+ Y 
w; 
i-+had. 
Y + had. 

0.5 

11.4 

9.0 

0.8 

15.8 

47.2 

15.8 

Ne 

1 

13.2 

8.1 

1.5 

14.4 

43.0 

19.9 

2 

13.6 

7.9 

1.7 

13.9 

41.8 

21.1 

- 

0.5 

13.6 

2.4 

5.5 

19.0 

40.5 

18.9 

“” I 
1 

13.8 

1.9 

7.3 

15.0 

41.2 

20.8 

2 

13.8 

1.8 

7.7 

14.1 

41.3 

21.1 

0.5 

0 

5.8 

2.4 

46.0 

0 

41.7 

1 

0 

4.9 

3.9 

18.3 

0 

52.9 

- 

- 

I 

2 

0 

4.6 

4.4 

36.2 

0 

54.8 

Path length 

from prlmdv 
YeReX 

TOO short 

to detect 

Within 

detector 

curside 

detector 

TABLE 2. Neutral heavy ,epton Iignatures in 

ncutr,no neutral-current euents. 

“““*“al lemon fin primary wrtex 

“““sual 1epton energy distribution 

Secondary vertex containing 

I leDron 

LDc#kI Ilk a ne”trsl-c”rre”t went. 

nay see decay 1eptcm in detector 

‘t-ml YpStRam Interactronl. 



TABLE 3. tomparisan Of IOrw experimnts Capable Of 

setting limit6 “id charm and b production 0” heavy 

1epton “LaSSeS and mixina with light nr”trinoi. 

Experirent Protoni on 
target 

Path length f, to 
beginning Of 

~engthA of 
decay “Ol”ne 

decay Y”l”me 

Fermilab, ,975 3.5x10” 
(Ref. 4,) (300 W) 

400 m Zrn 

9.2 m 

235 nl 

7.4 RI 

35 m 

Figure Captions 

ns.. Boundaries Of allowed regions Of l!( (mixing strength) and NN 

for hea”y neutral lepto”6 in Specific nhde,s. Liner with IujZ- RN-= corres 

pond to allowed v3”geS Of oirac “lass sca,e,u. (a) MO&i Of &lbMann c 1. 

and Yanagida (Ref. 3). Lines With loI’- MN-I correspond to experimental 

upper limit* on neutrino ma5ses. lb) bide, Of Ref. 9. HOrilO”t.3, lines 

correspond to b”““dS based on “niverialiiy ior procesies illWl”l”S 

V,((UILL 0.8%), and lgul 6 10: anticipated.) “ertical iiner correspond 
to bounds on N m&sses (Eqs. (2.241, (2.25)). 

u. Typical decays Of a ne”trd1 hed”y iepton via la) charged current. 

and (b) neutral C”rrent. Here the iepton f$ denotes e.,h> or r. 

Fig. Effective number Of channels 2 for decays “f neutral ,eptons. as 

function of neutral lepton mass MN. (a) 5,: lepton mixed with oe. 

(b) z- : 1epton mixed with Yr (c, & : 1epton mired with UC. 

Fig.. Branching ratios Of nevtral heavy ,eptons nixed With y, (open circles), 

vu (solid dots). or vz(cro~ses). (a) to charged ,eptonr; (b) to neutrinos; 

(cl to charged lepton + hadroni; (d) to neutrino + hadmns. irregularities 

are due to opening Of specific channels. 

Fig.. Contours Of fixed lifetime Of a neutral hemy 1epton nixed with V& 

(Eq. (2.48)). Predicted lifetimes of leptans mixed with ve or Vz differ by 

,esr than a factor Of 2 from there valuer owr the range 1 Ge” & MN L_ 50 a”. 
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94 % Fig.. Kinematic factor I,$ mc' T)> defined in cq. (2.401, entertng into 

remi1eptonic branching ratio ,;o -[S=-11 Nt). Solid line: ,!=e; dashed 

line: f=p. We have taken me = 0.15 GeY, me = 1.5 GeY. Conventionally One often 
*ees m replaced by m an* m- by an incoherent sum Of rnK and rnK’. For O”, 
p”rPos 5 the resuitr be simf1.u 2 

Fig.. camparirons Of predicted branching ratios for semi,eptonic anO ,eptanlc 

Charmed particle decays to heavy ,eptons, in units Of mixing strength I UF. 

H 
u. Kinematic facto? I,(:’ 2’ 1) entering into remileptonic branching 

b '"b mb 
ratio B(B -.[charm]6,) Isolid line), and average value of pN,MN in B 

center-of-mars (dashed line). 

Fig.. Average semile~tonic branching ratio of B mesons to neutral heavy 

lWTO"6 hi, in units Of Tiring strengthhp. 

u. Limits from leptonic decay of the 0 quoted in Ref.48 on a heavy 

lepton N coupled to e with itren9th UeN, 

b&. Reanalysis of the experiment described in Refs. 47 and 48. 

a) Solid line: D-k. Ootted line: 0 semileptonic decay. Dash-dotted 

line: B semi1eptc'nic decar,b(B) ib(E) = 10-3' cn?. Cashed line: B se"+ 

leptonic de‘ay. o(O)+,(E) = 10‘32cm~. b) Similar figure ai a). for B * (charm)+,. 

The solid line corresponds to o(B) + o(8) = lo-" cm'. and the dashed to lo-" 

F_ig.. "ideal" beam dm~ experimnt ufth lam parameterr as those for 

Ref. 47. 48,except: I, = 50m, E,= 0.1, PL - 800 G?". "ariatim Of ClmIS 

sections between 400 and 8OO'CeY 16 ignored. turver a5 in Fig. Ila. 

Fig.. Threshold factors for pmduction of heavy leptons, as functions 

of neutrino laboratory enerqv C. Curves are labeled by I$ in GeY. 

Fig.. Conto"rs Of equal G(lUl'l~ lul'Pp,d for detector with 1 = 10m, 

pN = 50 &Y/c. Here we have assumed Eq. (2.48) for the N lifetim. 

C"r"e~ am labeled by valuer of 6. 

Fig.. tonto”rr Of equal G = IUl=Pp,d 1 (threshold factor) for a detector 

with.8, = 10 cm, f?= 10 m, pN = 50 GeV/c. Eq. (2.48) ir take" for N lifetime. 

A neurrino energy Of E" - TOO Ge" is ass"md in calc"lating the threshold 

factor (3.35). 

Fig.. Limits obtainable on hewy ,epton mass and mtxing from B pmd”crion 

at the d45), bared on a ramble of 84K 618. st, = 3 m, f, +d = 8 cm. and 

detection in the (charged lepton) + (3 charged hadron) mode. 

Fig.. Estimates for production and detection of WR (a,b) md Q(c,d) in 

pda,c) and $P(b,d) co,,isions: We show cmss sections times branching 

ratios into specific final states Which mi9ht be earily detected: e,, for 

WR, and t+i- for z2. 
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